The experimental rate equation for titanium-tartrate catalyzed asymmetric epoxidation by tert-butyl hydroperoxide is reported. The catalyst is a dimer, and a structure of C2 symmetry is proposed. The mechanism of the reaction is discussed with respect to kinetic resolution of racemic secondary allylic alcohols as well as the enantioselectivity of epoxidation of prochiral substrates. The alignment of a lone pair of the reactive alkyl peroxo-oxygen atom with the olefin orbital is postulated as an important interaction in the transition state.
"fast" 'siow 04
Lyiflr. In the time since the discovery of the reaction, much information has been obtained concerning the mechanism of the process, and several fascinating modifications to the "parent' catalyst system have been discovered. 3 In this paper we present a summary of our Investigation of the kinetics of the asymmetric epoxidation and of the catalyst structure. 4 We also propose a mechanistic model, which has led us to speculate on the details of the oxygen-transfer step.
We begin by considering the nature of titanium alkoxide systems in general. They have several properties crucial to the success of the asymmetric epoxidation reaction:
(1) exchange of monodentate alkoxide ligands is rapid in solution5; (2) titanium (IV) participates in four covalent bonds, which is exactly the number required for this reaction (two for the divalent chiral auxiliary (tartrate), and one each for 1BHP and the allylic alcohol), (3) titanium (IV) (d0) alkoxide systems display a range of coordination numbers and geometries in published structures in crystals and solutions,Sa,Sb,6 and so presumably their coordination chemistry is somewhat flexible; and (4) titanium (IV) alkoxides are weak Lewis acids, and thus serve to activate a coordinated alkyl peroxoligand toward nucleophilic attack by the olefin of a bound allylic alcohol.7'1° The third property, that of flexibility in coordination number and geometry, may be partly responsible for the catalyst's ability to accomodate substrates of such widely different steric demand. Of course other d° transition metal alkoxide systems also possess these properties, but they fail to give high enantiomeric excess when used with tartrate and TBHP in the standard fashion.8 It appears that Ti(IV) has a unique combination of properties that permits the formation of an effective catalyst structure with tartrate and allows the reactants to interact efficiently in compliance with what we belive are strict Mechanism of titanium-tartrate catalyzed asymmetric epoxidation 1825 molecular orbital requirements (vide infra).
Mixing equimolar amounts of a titanium tetraalkoxide and a chiral tartrate diester releases two equivalents of alcohol into solution9 and forms a dominant species of stoichiometry [Ti(OR)2(tartrate)]x (see equation 1 in Scheme III). Addition of TBHP and allylic alcohol rapidly establishes the equilibria characterized by constants K1 and K2; these constants were found to be approximately 1 for TBHP and most allylic alcohols. When 1BHP and the allylic alcohol are juxtaposed in the coordination sphere of the same metal center1° (i.e. as in 1), the oxygen atom transfer occurs to give tert-butyl alcohol and the chiral epoxy alcohol bound as alkoxides. These product alkoxides are replaced by more allylic alcohol and TBHP and the catalytic cycle is completed as the loaded complex 1 is regenerated. Note that the rate constant k is actually the product of the rate constants for the epoxidation step and the equilibrium constants K1 and K2.
Scheme
Thus the rate expression is consistent with the action of a system wherein reactants are assembled on the metal followed by a rate-determining product forming step.
We are attempting to learn as much as possible about the structure of species formed when titanium tetraalkoxides and tartrate esters are mixed in solution. Unfortunately, our efforts to obtain crystals of these samples have not been successful as yet, so we are forced to rely on less direct methods. In any event, as the work of Halpern has exquisitely demonstrated,12 even the most complete structural characterization of the major component of a catalyst system may bear little relation to the structure of the actual catalyst. While ever mindful of this lesson, we believe for several reasons that the major species in our titanium-tartrate solution is actually the dominant catalyst for the reaction, as discussed below.
It is important to understand the special characteristics of the 1:1 system in the reaction. With substrates that are relatively slow to epoxidize, the use of a Ti:tartrate ratio even slightly greater than 1:1 results in a marked loss in enantioselectivity, presumably because of the formation of species with less than 1 tartrate per Ti atom that catalyze epoxidation at a similar or faster rate and with a different selectivity than the 1:1 structure. Conversely, addition of more than one equivalent of tartrate to titanium causes the rate of the reaction to decrease by exactly the amount predicted by assuming that excess ligand forms a species of stoichiometry [Ti(tartrate)2]x that is catalytically inactive because of the inability of monodentate allylic alcohol and 1BHP to displace the divalent tartrate.
Since titanium alkoxides are well known to exist in oligomeric forms in solution, the molecular weight of the 1:1 species was of primary concern. Also, we had noted that use of racemic (dl) tartrate as the ligand for titanium resulted in the formation of different ratios of diastereomeric products in the epoxidation of racemic secondary allylic alcohols than those produced when either d-or !-tartrate was used alone. This suggests (but does not prove) that more than one tartrate is involved in the active complex. As measured by differential vapor phase osmometry (CH2C12) and by Rayleigh light scattering (cyclohexane),27 the complex is a dimer in solution. The electron impact mass spectrum is in full accord with the dimeric structure and gives no evidence for either monomer or a species larger than the dimer.
That the dimer, and not some trace monomer or higher aggregate, is the actual dominant catalyst is strongly supported by the fact that the rate remains first-order in catalyst over a 10-fold range in concentration. The IR and 'H NMR of equimolar solutions of titanium tetraalkoxide and tartrate esters remain essentially invariant over at least a Mechanism of titanium-tartrate catalyzed asymmetric epoxidation 1827 20-fold change in concentration.
(It is admittedly possible, but unlikely, that the catalyst is a very active, undetected species that responds to changes in concentration to give the observed first-order result. However, there seems to be no reason why the dimer should be far less reactive than other possible titanium-tartrate structures.)
We believe that this dimeric catalyst has the ten-membered ring structure2in The proposed structure2has a high degree of symmetry.
If one considers the time averaged structure in which all the ester carbonyls interact equally with the titanium atoms (making the metals six-coordinate), overall D2 symmetry is present.'3 Within this time averaged structure each titanium atom has local C2 symmetry. This is most clearly appreciated when either of the two equivalent titanium atoms is viewed from a perspective in the plane defined by the metal and its two least labile, framework ligands substrates interact with titanium at only one point (the M-0 bond), the reaction of the coordinated allylic alkoxide with the coordinated peroxide must be subject to some requirements that restrict the degrees of freedom in the transition state to produce such a high enantiomeric excess for such a sterically undemanding substrate.
As with other metal catalyzed epoxidations by TBHP,17 we make three assumptions that lead to the proposal of a highly ordered transition state: (i) coordinated distal peroxooxygen [0(1) in Fig. 3 ] is transferred to the nucleophilic olefin; (ii) the proximal peroxo-oxygen [0(2)] interacts strongly with the titanium atom in the transition state18 bringing the t-butyl group close to the metal in the least sterically encumbered position;
and (iii) the most favorable approach of olefin to the coordinated peroxide moiety is a centered one along the axis of the 0-0 a-bond being broken [i.e. S2_tpe attack on the backside of 0(1) by the midpoint of the rr-bond.]19
These three points provide a sufficient foundation for a reasonable explanation of kinetic resolution of secondary allylic alcohols based on the catalyst structure, but using them we are unable to account for the consistent olefin face selection of the reaction. To do so we must invoke one or more additional stereoelectronic properties of the transition state. As an initial hypothesis, we propose a fourth assumption: (iv) the olefin rr* orbital must be in position to overlap with one of the lone pairs of the peroxo-oxygen that is being delivered.19
Mechanism of titanium-tartrate catalyzed asymmetric epoxidation 1829 A representation of structure 3 in which the reactants are included (to give the loaded complex !) is shown in Fig. 3 . We believe that the Ti atom in the ground state may be 5-or 6-coordinate, the ligands being the tartrates, the allylic alcohol, a datively bound ester carbonyl, and 1BHP which occupies either one or two coordination sites.
In structure 1 of Fig. 3 (c) The absolute configuration of the epoxy alcohol has not been firmly established; it has been found by a nonrigorous correlation to be the normal 2S.
For some of these substrates (particularly those with tert-alkyl substitution at the C2 position) a simple steric model might predict reversed enantiofacial selectivity. Vet for all allylic alcohols that are epoxidized in goode.e., the face selection remains the same.
That is, given the diverse shapes of allylic alcohols that can be accomodated, the conventional steric and stereoelectronic considerations we have employed up to this point do not enable us to account for the consistent enantioselectivity of this system. For this reason we are convinced that an additional stereoelectronic factor determines which prochiral face of the olefin receives the oxygen atom by substantially favoring reaction from the olefin orientation in 4 over that in 5.
To account for the necessary stereoelectronic selection, we now invoke the proposed lone pair -* alignment [assumption (iv) above] and show a comparison of the two candidate structures in Fig. 5 . Note that in Fig. 5 we assume that both peroxide oxygens are tetrahedrally hybridized;'8 0(2) is a chiral center by virtue of its coordination to the metal (as in the Mimoun18 complex 8). The lone pairs of 0(1) (labelled 'a' and 'b') are thereby eclipsed with the C-tBu bond and the lone pair 'c' of 0(2), respectively. In structure 4' the lone pair -Tr* alignment can be achieved only with lone pair 'a'.
Similarly, the olefin in structure 5' can align only with lone pair 'b'. (Steric transmission of the 0(2) chirality beyond 0(1) into the olefinic n-bond's avenue of approach is not tenable from simple geometric considerations.) In this hypothesis it is preferable for the lone pair that projects toward n to be eclipsed with a C-tBu bond rather than with another lone pair.22
It has been noted that a series of seven prochiral homoallylic alcohols (which have an extra CH2 unit between the oxygen and the double bond) are epoxidized by the Ti-tartrate system on the opposite olefin face to that of allylic alcohols in 23-55% ee.23
We can then propose that the added carbon atom (an extra "universal joint") enables the opposite olefin face to more easily achieve the favored alignment with lone pair 'a'. At the same time, the ee is reduced because enough flexibility has been added to the substrate that either face of the olefin can attack the peroxide in compliance with the stereoelectronic requirements of the reaction, albeit one more easily than the other.
Another dramatic example of the deleterious effects of introducing conformational freedom into the reactants can be found in the related case of kinetic resolution of In conclusion, we believe that the asymmetric epoxidation exhibits a conjunction of selectivity and substrate promiscuity that is without precedent among either man-made or enzymic catalysts. Our mechanistic study has advanced to the point where we suspect that a previously unidentified selectivity principle is at work. It is hoped that further efforts (e.g. molecular mechanics computer modeling, crystal structures, and light scattering studies) will bring greater understanding of the more speculative aspects of this mechanistic puzzle. This reaction with all its variable components represents a unique opportunity for the study of the detailed mechanism of metal-catalyzed epoxidations, and perhaps of epoxidations in general.
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20. The structures in Fig. 4 and Fig. 5 do not represent the results of rigorous calculation. They derive from CPK space-filling molecular models and are meant only to show some of the possible differences in olefin-peroxide alignment for the two diastereomeric transition states.
(a)
It is therefore not in principle necessary for good kinetic resolution at the carbinol center to be accompanied by good diastereofacial selectivity. Since we do in fact observe high erythro selectivity for the faster reacting enantiomers2 (i.e.
delivery of oxygen to the same enantioface as for prochiral allylic alcohols), we are able to propose structure 4 as the preferred transition state precursor for all of the most successful substrates.
Kinetic resolution is also observed at other positions on the allylic alcohol.26
In these cases, the absolute configuration of the faster reacting enantiomer necessarily depends on which olefin face is epoxidized. 
